In the past two years, the highest power conversion efficiency of perovskite absorber (PA)-based photovoltaics has been 20.2%. The PA can be fabricated on flat substrates (for example, ZnO, TiO 2 , and PEDOT:PSS) using solution processes, which have a low-cost advantage in terms of industry production. In this report, the recent advances of PAbased photovoltaics will be mentioned. Then, the optoelectronic properties of PA, material fabrication, and photovoltaic performance will be discussed. On the other hand, we used scanning electron microscopy, two-dimensional X-ray diffractometer, and photoluminescence spectroscopy to investigate the fundamental properties of CH 3 NH 3 PbI 3 thin films fabricated with and without toluene washing treatment, which provides an assessment of the development potential of PA-based photovoltaics.
Introduction
The perovskite structure is named after the structure of calcium carbonate (CaTiO 3 ) compound and its molecular formula is ABX 3 . Perovskite oxide materials (SrTiO 3 and LaAlO 3 ) [1] and nonoxide perovskite materials (MgCNi 3 ) [2] have high-temperature superconductivity properties, which indicate that perovskite structures have excellent electrical properties. In the past two years, the most popular light-absorbing materials for photovoltaic cells have been organic-inorganic lead halide perovskite absorbers (CH 3 NH 3 PbI 3 ), in which absorption bandgap is approximately 1.57 eV [3] and exciton binding energy is less than 50 meV [4], hence they have excellent power conversion efficiency (PCE). The molecular structure of the earliest application of perovskite materials in an optoelectronic device ((C 6 H 5 C 2 H 4 NH 3 ) 2 PbI 4 ) was in 1994, in Kyushu University, Japan, where Tsutsui's research focused on the fluorescence characteristics of materials via electrical excitation [5] . Additionally, the emission wavelength of the luminous element was 520 nm at a low temperature, the full-width at half-maximum (FWHM) of fluorescence was about 10 nm, and the luminance of the perovskite-based device was 10,000 cd/m 2 with an injection current density of 2 A/cm 2 . The brightness of perovskitebased light-emitting diodes was equivalent to four to five times of the organic light-emitting diode. In April 2009, Miyasaka's research team from the University of Tokyo published the world's first article relating to perovskite-sensitized solar cells. Their study showed that CH 3 NH 3 PbI 3 and CH 3 NNH 3 PbBr 3 could convert sunlight into electrical energy as lightabsorbing materials through dye-sensitized solar cell structures, and the obtained PCE was 3.81% [6] . Although the study was published in an important academic journal, it did not receive much attention because of poor efficiency. In 2012, Gratzel from the Swiss Federal Institute of Technology, Lausanne (EPFL), optimized the device parameters of the dyesensitized solar cells to enhance the PCE to 7.28% [7] under 0.1 sunlight intensity. In the same year, Snaith led his research team from the University of Oxford in England to publish their research on organic-inorganic lead halide perovskite photovoltaics using solution process in a scientific journal. They used an insulator Al 2 O 3 nanoparticle film to replace the TiO 2 nanoparticle film for the first time, and named the structure meso-superstructured solar cell (MSSC). Additionally, the PCE reached a record of 10.9% [8] . Since then, scientists have launched a series of battles for higher PCE. In July 2013, Bruschka and Pellet adopted a twostep solution process method to produce CH 3 NH 3 PbI 3 on the porous TiO 2 substrate and the efficiency obtained was 12.9% [9] . Also, in September 2013, Snaith produced high-quality perovskite light-absorbing materials using a vapor deposition method and obtained a PCE of 5.4% [10] . In addition, in July 2014, Professor Wu from the National Central University used PC 71 BM thin film as an electron transport layer and improved the PCE up to 16.3% [11] . In August 2014, Yang's team optimized the energy level of each layer of the solar cells and increased the PCE to 19.3% [12] . Gratzel and Park also optimized the proportion of CH 3 NH 3 I and PbI 2 in the two-step solution process method and achieved an average PCE of up to 16.3% (±0.35%) [13] . This chapter will describe the optoelectronic properties, molecular structure, and fabrication method of perovskite materials, and calculate the effects of the nanoplasmonic structure on exciton generation and the dissociation of perovskite materials. In addition, it will use scanning electron microscope (SEM), two-dimensional X-ray diffractometer (2D-XRD), UV-vis spectrometer and photoluminescence to explore the morphology, structure, and electronic and excitonic properties of CH 3 NH 3 PbI 3 thin films formed by a solution process with and without a nonpolar solvent washing treatment [14] , and will discuss the development direction and potential of the perovskite photovoltaics.
The optical and electronic properties of perovskite absorbers
The perovskite structure is shown in Figure 1 . According to the first-principles calculation, each CH 3 NH 3 and Pb provides one and two electrons to I 3 , and the structure of CH 3 NH 3 and Pb-I can maintain electric neutrality due to van der Waals force, so CH 3 NH 3 cations hardly affect the characteristics of Pb in the conduction band and "I" determines the properties of the valence band [15] . Although the CH 3 NH 3 cation has no significant effect on the electronic structure, the orientation of the CH 3 NH 3 cation can influence the dielectric constant of CH 3 NH 3 PbI 3 materials. As shown in Table 1 , the exciton binding energy can be calculated by
, where, r is the Bohr radius (2.8 nm) [16] and ε d is the dielectric constant [17] of CH 3 NH 3 PbI 3 . Exciton binding energy is as low as possible to be more favorable for exciton self-dissociation at room temperature and exciton dissociation at the interface to produce photocurrent, so the orientation of CH 3 NH 3 cation is very essential to excitonic properties. The most direct physical parameter for device efficiency is the exciton diffusion length. Snaith estimated that the exciton diffusion length could be over 1 μm, through measurement of the exciton's lifetime. The long diffusion length in poly-crystalline CH 3 NH 3 PbI 3 thin films has been directly observed using a spatial and temporal imaging system [18] . Therefore, photons can be effectively converted into photocurrent after being absorbed. Experimental results showed that the exciton lifetime of the perovskite materials could exceed 100 ns [19] . [20] , respectively, so the absorption bandgap will increase with the decrease of halogens' atomic number. For application, it can be used with different ratios of halogen to achieve colorful commercial applications. However, the greater the absorption bandgap, the lower the amount of sunlight that can be absorbed. Also, the toxicity of heavy metal Pb is a key factor hindering the development of perovskite solar cells; thus, one of the directions for future [24] . Although the exciton diffusion length in perovskite materials could reach to micrometers, the thickness of light absorption materials in perovskitebased photovoltaics shall be controlled at around 300 to 400 nm to obtain a better PCE: the optimal short-circuit current density (J SC ) is about 22 mA/cm 2 , depending on the thickness and bandgap of light absorption materials; the maximum open circuit voltage (V OC ) is about 1.1 V depending on device structure; and the optimal fill factor (FF) is about 75%, which is lower than the FF of gallium arsenide photovoltaics (FF = 86%) [25] . Recently, a high PCE of 20.2% was achieved using HC(NH 2 ) 2 PbI 3 (FAPbI 3 ) as the light absorber in photovoltaics [26] .
The FF of photovoltaics indicates the recombination status-the carriers will recombine inside and on the interface of light absorption materials. When the light absorption materials are thicker, the carrier recombination mainly occurs inside the light absorption materials. The decrease of thickness of the light absorption material will reduce the amount of absorbed sunlight, resulting in a decrease in short-circuit current density. For the same light absorption material, the appropriate thickness can be calculated by the product of optimal J sc and FF. At present, there are theoretical calculations for optimizing the thickness of perovskite light absorption materials [27] , but there are still no experimental results on the relationship between the changes in thickness of perovskite absorbers and the PCE of photovoltaics.
Exciton and carrier in perovskite materials
The energy is obtained by absorbing the photon, and thus the electron is excited from the ground state shifting to the excited state. Such an excited state can be regarded as an electron and a hole that is bound together by electrostatic attraction, and such an electron-hole pair is called an exciton. Figure 2 shows when the electron in the ground state is excited to the excited state in perovskite materials, such an electron in the excited state will be called a hot electron. The hot electron can interact with the crystal lattice to generate coherent and incoherent collisions with two different paths back to the ground state and the conduction band. Raman scattering signal is generated by the coherent collision caused by hot electrons and lattice vibration. However, as the frequency of the hot electron vibration is much higher than that of the lattice vibration, Raman scattering signal strength is very weak. On the other hand, after the incoherent collision produced by the interaction between hot electrons and lattice vibration, the electron which is relaxed in the conduction band is called a cold electron. At this time, the electrons in the conduction band and the holes in the valence band will form excitons. For CH 3 NH 3 PbI 3 absorbers, the lifetime of hot electrons is about 1 ps [28] , and the exciton lifetime associated with the material structure is approximately 10-100 ns. Exciton binding energy is a very important parameter for the light absorption materials of photovoltaics. When the exciton in the heterogeneous interface of different materials is dissociated by the built-in electric field and becomes a free electron and hole after overcoming the binding energy. The exciton binding energy for organic materials is about 150 to 1000 meV, so with the exciton dissociation at the region of charge transfer radius, the potential difference of p-n interface must be larger than the exciton binding energy. Taking P3HT/PCBM as an example, the exciton binding energy of P3HT is about 300 meV, and LUMO potential difference of P3HT-PCBM interface is about 800 meV (3.9-3.1 eV); therefore, the exciton in the P3HT-PCBM interface can be smoothly dissociated with approximately 1.2 ps exciton dissociation time [29] . The exciton binding energy of CH 3 NH 3 PbI 3 is smaller than 50 meV but higher than the thermal energy of room temperature (K BT = 25.6 meV, T = 25°C). Therefore, about half of the excitons will self-dissociate to become free carriers at room temperature [30] , and the other half of the excitons will have to diffuse to the interface to dissociate and become free carriers (electrons and holes).
The electrons and holes formed by the self-dissociation of excitons at room temperature must not recombine, and each has to transport to the electrodes to form a photocurrent. In March 2014, Walsh, based on theoretical calculations, predicted that the transporting paths of electrons and holes inside CH 3 NH 3 PbI 3 are different (see Figure 3 ) [22] , and estimated that the carrier recombination rate in CH 3 NH 3 PbI 3 was very low. The arrow direction shown in Figure   Optical , Excitonic, and Electronic Properties of CH 3 NH 3 PbI 3 Thin Films and Their Application in Photovoltaics http://dx.doi.org/10.5772/61278
3 is the orientation of the CH 3 NH 3 cation (electric dipole). Electrons move along the lowest potential (blue arrow) while the holes flow along the maximum potential (red arrow). Therefore, the electric dipole of the organic cation would affect the recombination probability of electrons and holes. Also Walsh pointed out that the CF 3 NH 3 cations with larger electric dipole moments should be able to effectively reduce the carrier recombination rate in perovskite absorbers. 
Device architecture and manufacturing process of perovskite-based photovoltaics
Perovskite-based photovoltaics with more than 17% PCE can be grouped into three structures: the dye-sensitized solar cell structures, regular-type organic photovoltaic structures, and inverted-type organic photovoltaic structures. The dye-sensitized solar cell structures, based on the process order, includes FTO-conductive glass substrate/TiO 2 compact layer/mesoporous TiO 2 /HC(NH 2 ) 2 PbI 3 perovskite absorber/PTAA hole transporting layer/Au and its currently published maximum PCE is 20.2% [26] . For regular-type organic photovoltaic structures, its process sequence is ITO-conductive glass/PEDOT:PSS/CH 3 NH 3 PbI 3 perovskite absorber/PCBM electron transport layer/Al and its currently published maximum PCE is 17.8% [29] . For inverted-type organic photovoltaic structures, its process sequence is ITOconductive glass/PEIE/Y:TiO 2 /CH 3 NH 3 PbI 3-x Cl x perovskite absorber/Spiro-OMeTAD hole transport layer/Au, and its currently published maximum PCE is 19.3% [12] . Currently, the manufacturing process of a regular-type organic photovoltaic structure is the easiest.
Much research has been conducted on the energy conversion of perovskite-based photovoltaics in the last two years, mainly because perovskite absorbers can be produced through simple solution process methods. The main fabrication methods include one-step and twostep solution processes. The one-step method is first adopted so that the precursor of perovskite materials is dissolved in dimethyl formamide (DMF), followed by soaking of the perovskite materials on the substrate. However, the biggest drawback of this method is the poor coating for the film, which can easily result in short-circuits due to the contact between the upper and lower electrodes. The use of an appropriate upper electrode can reduce the incidence of short-circuits [32] . As shown in Figure 4 , using p-type P3HT can fill the pores of CH 3 NH 3 PbI 3-x Cl x thin films. The addition of a small amount of 1,8-diiodooctane (DIO) inside the perovskite precursors [33] can effectively reduce the generation of voids. In addition, the perovskite film with high coverage can also be obtained on the rough FTO substrate. Thus, the surface properties of the substrate have an essential effect on the continuity of perovskite thin film. In July 2014, Spiccia and Seok spontaneously used organic solvent (chlorobenzene or toluene) [34, 35] to inject perovskite precursor thin films during the spin coating process, which can greatly enhance the film continuity of perovskite thin films. In September 2014, Cheng sprayed argon gas positively into the substrate to improve the solvent evaporation speed in the spin coating process of perovskite precursors and achieved up to 16.97% PCE. Figure 5 shows that perovskite thin films with argon gas processing have good film continuity and crystallinity; on the contrary, the surface of perovskite thin films without gas treatment would appear as reticular defect structures [36] . In November 2014, Jen used different solvents (toluene, chlorobenzene, and dichlorobenzene) to fabricate perovskite thin films with high continuity on top of PEDOT:PSS/ITO/glass substrate, and obtained a high PCE of 13.7% [37] . Moreover, in the manufacturing process, when the heating temperature decreases from 100°C down to 70°C, the photovoltaics still have excellent PCE of 12%. Therefore, such low-temperature deposition manufacturing techniques can be integrally applied to soft substrates.
Bruschka and Pellet from EPFL were the first to adopt a two-step coating method [9] to produce perovskite materials in the porous TiO 2 substrates. They first used a spin coating process for even distribution of PbI 2 on the mesoporous TiO 2 thin films, and then soaked the substrate into the IPA solvent with solved CH 3 NH 3 I. Hence, the PbI 2 on the TiO 2 surface would be reacted to CH 3 NH 3 PbI 3 . Using a long-term interdiffusion process [38] , the two-step solution process method can also produce high continuity of perovskite thin films on a flat PEDOT:PSS/ITO/ glass substrate, which is shown in Figure 6 .
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Figure 6. Cross-sectional view of multilayer film under a scanning electron microscope [11] . At present, among the perovskite thin film production methods with three matching photovoltaic structures and two fabrication methods, the two-step solution process method can obtain the highest PCE of 20.2% but has the longest manufacturing process, and its photovoltaic performances are shown in Figure 7 . In addition, the one-step solution process method with argon gas treatment, although with a slightly lower PCE of 16.97%, can save the most time and is suitable for making large area high-quality perovskite thin films.
Exciton properties in the interface between metal particles and perovskite absorbers
In order to be able to simultaneously improve the J SC and FF of perovskite-based photovoltaics, we calculate the exciton properties generated by the nanoplasmonic structure embedded in perovskite absorbers to analyze the effects of nanoplasmonic structures on the properties of perovskite-based photovoltaics.
The essential parameters for electromagnetic simulations are optical parameters (refractive index and absorption coefficient), using a transfer-matrix method with Lorentz model to describe the dielectric constant of the perovskite absorber. Figure 8 shows the transmittance spectrum of perovskite/substrate, which are used for calculating the refractive index and extinction coefficient of perovskite absorber, as shown in Figure 9 . Moreover, we buried a nanoplasmonic structure inside the perovskite thin film (see Figure 10) , and selected appropriate structure parameters (the period = 100 nm and the metal ellipsoid length = 150 nm). Figure 11 shows the absorption spectra of nanoplasmonic structures embedded in perovskite absorber with different ellipsoid gap. When the distance between the ellipsoid is 30 nm (the short axis of the ellipsoid is 70 nm), it has a better absorption enhancement effect; at the same time, when the thickness of the perovskite absorber is decreased to 300 nm, it is expected to have a better FF. . Absorption spectra of nanoplasmonic structures embedded in perovskite absorber with different structure parameters [39] .
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The nanoplasmonic structures enhanced absorptions have currently been realized in the organic solar cells [40] . However, the effect of the spatial distribution of the exciton around nanoplasmonic structures is seldom discussed. Figure 12 shows the spatial distribution of electric field (exciton). When the sunlight transmits from the ITO/glass substrate to the nanoplasmonic structure, the light field is localized at the interface between the CH 3 NH 3 PbI 3 and the Cu ellipsoid, thus most of the excitons are generated at the interface, and the exciton can be dissociated at the interface between CH 3 NH 3 PbI 3 (valance band = -5.4 eV) and Cu (Fermi energy level = -4.94 eV). After the exciton dissociation, the hole can propagate along the Cu ellipsoid to the ITO electrode, while the electron can propagate along the CH 3 NH 3 PbI 3 , which will help to inhibit the carrier recombination inside the CH 3 NH 3 PbI 3 . Thus, the introduction of the nanoplasmonic structure can improve the FF of CH 3 NH 3 PbI 3 -based photovoltaics while enhancing the light absorption. 
Future development direction
The PCE of GaAs single-junction photovoltaics is 28.9%, which is the closest to the ShockleyQueisser (SQ) limit of 33.7%. According to SQ theory, if the photon energy is larger than the energy gap (E g ) of light absorption materials, the energy of the incident photon will be converted from the electron to the excited state. The electron in the excited state (hot electron) and lattice will have incoherent collision and then relax to the conduction band to form exciton with the hole in the valence band, and such excitons must be dissociated to generate photocurrent. Also, assuming that the remaining energy of the absorbed photon (E P = 2.26 eV) after thermal relaxation is equal to the energy gap of the material (E g = 1.43 eV), so if a photon can produce a free electron, the voltage loss of this photoelectric conversion process is 0.83 V (E P / e-E g /e). Additionally, we can also use a simple formula to evaluate the SQ limit: In the past ten years, low production costs have been an advantage for organic photovoltaics and dye-sensitized solar cells, but the PCE is always less than 15%. Except that the absorption bandgap of materials cannot be effectively extended to the near-infrared region, the interaction between the light and the material is also the reason for the constrained efficiency. Taking P3HT-based photovoltaics for example, they are constrained by the exciton binding energy (~300 meV) and exciton diffusion length (~10 nm), and they must use the p-n interface with larger potential difference (△V P3HT-ICBA = 0.64 V) and blended thin film structure (P3HT:ICBA) in order to effectively convert excitons into the photocurrent. If we use formula (1) to estimate the theoretical PCE of P3HT:ICBA, E g has to be replaced with eV OC to obtain a PCE of 8.16% (0.32 × 0.75 × 0.87/2.26), which is much closer to the experimental value (7.4%) [41] . In addition, the absorption bandgap and the exciton binding energy seem to limit the development of organic photovoltaics. Table 2 indicates different photovoltaic performances and the characteristics of light absorption materials, and exciton binding energy of organic P3HT is much larger than inorganic materials (E b < 20 meV). Also noteworthy is the Raman shift of organic materials (1000 to 1700 cm
), which is larger than that of inorganic materials (<600 cm -1 ), even much larger than Raman scattering of CH 3 NH 3 PbI 3 (Pb-I stretching: 91 cm -1 ). Also, the phonon energy of organic materials is much larger than that of inorganic materials. Because a large part of the energy is converted into thermal energy after the photons are absorbed by organic materials, it thus restricts the development of organic photovoltaics and dye-sensitized solar cells. According to an estimation of the SQ limit, there is still space for the development of perovskite-based photovoltaics. From the perspective of the manufacturing process, most of the research over the past two years has focused on how to enhance the continuity of the CH 3 NH 3 PbI 3 film to avoid contact between the upper and lower electrodes, which can result in a short-circuit situation. At first, using perovskite materials with a mixture of Cl can obtain better film continuity. As the mixed amount of Cl is very small, the contribution of Cl is to decrease the crystallinity of CH 3 NH 3 PbI 3 and reduce the agglomeration of particles due to the rapid crystallization to further enhance the continuity of the films [42] . Moreover, the different surface roughness of substrate (ITO and FTO) can influence the continuously of CH 3 NH 3 PbI 3 films, CH 3 NH 3 PbI 3 fabricated in a more rough substrate will have a better film continuity, which is interpreted as a rough surface that is unfavorable for CH 3 NH 3 PbI 3 crystallization. Furthermore, organic solvent or inert gas is injected into CH 3 NH 3 PbI 3 precursors during the spin coating process, which can obtain CH 3 NH 3 PbI 3 thin films with good continuity and excellent PCE of 17.8%. In order to verify the mechanism of this method, we used a SEM, a 2D-XRD and fluorescence spectroscope to analyze CH 3 NH 3 PbI 3 thin films fabricated with and without toluene washing treatment [14] . Figure 13 shows the morphologies of CH 3 NH 3 PbI 3 thin films fabricated with and without toluene treatment. The CH 3 NH 3 PbI 3 thin film without toluene treatment appeared as a flowerlike structure on rough surfaces, indicating that CH 3 NH 3 PbI 3 may have specific crystallization orientation. Additionally, the CH 3 NH 3 PbI 3 thin film with toluene treatment appeared to be a more even and continuous film. In order to understand the crystallization orientation of CH 3 NH 3 PbI 3 materials, we use 2D-XRD as a detection tool. Figure 14 shows 2D-XRD images with and without toluene treatment. For the CH 3 NH 3 PbI 3 thin film without toluene treatment, the preferred orientation of the crystallization tendency is at (112), while the CH 3 NH 3 PbI 3 thin film with toluene treatment has no specific crystallization orientation, which indicates that CH 3 NH 3 PbI 3 precursors with the toluene treatment will interfere with the crystallization of CH 3 NH 3 PbI 3 and thus obtain more smooth and continuous CH 3 NH 3 PbI 3 thin films. Analysis of the FWHM of X-ray diffraction peak can also obtain the crystal domain size of CH 3 NH 3 PbI 3 thin films with and without toluene treatment at 17.6 nm and 29.6 nm, respectively, indicating that the toluene treatment indeed inhibited the crystallization of CH 3 NH 3 PbI 3 . In order to understand the exciton characteristics of the CH 3 NH 3 PbI thin film with toluene treatment, we measured the fluorescence spectra of the sample, as shown in Figure 16 . The CH 3 NH 3 PbI 3 thin film with toluene treatment had weaker fluorescence, showing that the excitons in the CH 3 NH 3 PbI 3 thin film with toluene treatment had shorter lifetimes. The experimental data showed that the toluene treatment can improve the continuity of CH 3 NH 3 PbI 3 thin films but inhibit crystallinity, leading to a reduction in the exciton's lifetime. In addition, we also used this method to fabricate photovoltaics with structures starting with the substrate sequentially to glass/ITO/PEDOT:PSS/CH 3 NH 3 PbI 3 /PCBM/Ag, and the obtained highest PCE was 11.7% (V OC = 0.92 V, J SC = 18.2 mA/cm 2 , FF = 0.7) [14] , which proves that toluenetreated CH 3 NH 3 PbI can be used as a light absorption material for excellent PCE.
Absorber
Although the CH 3 NH 3 PbI 3 absorbers with toluene treatment have good continuity, and the PCE can easily exceed 10%, the morphologies of these perovskite thin films and exciton properties showed that the substrate in the absence of specific crystallization orientation has to sacrifice the crystallinity of perovskite thin films to achieve the good continuity, which could produce high-efficiency photovoltaics through solution process methods. Therefore, we believe that it is necessary to find substrates with crystallinity or specific structure for the production of perovskite-based photovoltaics in order to manufacture perovskite absorbers with both high continuity and crystallization by solution process methods to be able to improve the V OC and FF of the photovoltaics.
Since the hot electron lifetime of CH 3 NH 3 PbI 3 is about 1 ps, high conductive nanostructures can be used to improve the efficiency of hot electron injection from CH 3 NH 3 PbI 3 to electron acceptors. The issue of hot electron injection and multiple exciton generation has been widely discussed in studies of quantum dot-sensitized solar cells. In theoretical estimation, the limit of the PCE of the photovoltaics with hot electron injection is 42% [43] , which is higher than the SQ limit of 33.7%. Therefore, we predicted that if we use ZnO with nanorod structures to collect hot electron injection, it should be able to improve the V OC of perovskite-based photovoltaics. Because the hot electrons inject into ZnO at a higher energy potential, and if the conductivity of ZnO remains high enough that the hot electrons are able to maintain its energy potential transporting to the electrode, then higher V OC should be achieved.
Moreover, in the aging test of perovskite solar cells, Park conducted tests measuring the stability of PCE under different humidity storage conditions [44] . Under 55% relative humidity, the PCE of CH 3 NH 3 PbI 3 -based photovoltaics decreased from 11% to 3.5% after 20 days of storage. In addition, if using CH 3 NH 3 PbI 2.4 Br 0.6 as the light absorption material under the same storage conditions (55% relative humidity), the PCE could be maintained at 9.5% for 20 days. Although "I" of the CH 3 NH 3 PbI 3 was replaced by Br, which could improve the stability of perovskite-based photovoltaics, an increase of the Br substituted amount would also increase the absorption bandgap of the perovskite materials, which would result in the decrease of PCE from 11% to 9.5%, at the expense of light absorption. The results for aging tests of long-term exposure to sunlight have not yet been published in internationally important journals. As a result, it is still doubtful whether perovskite photovoltaics have long-term stability, which shall be further tested under actual conditions for the properties of the high PCE of perovskite-based photovoltaics.
Conclusion
The power conversion efficiency (PCE) of perovskite-based photovoltaics have exceeded 20%, and the efficiency in different types of substrates by solution process methods can reach over Figure 16 . The photoluminescence spectra of CH 3 NH 3 PbI 3 thin films [14] .
17%, indicating that there is very high possibility for commercializing perovskite-based photovoltaics. However, the light absorption materials contain Pb, which is the biggest obstacle for commercialization of perovskite-based photovoltaics. The absorption bandgap of CH 3 NH 3 SnI 3 with Pb replaced with Sn is about 1.3 eV, which is a promising light absorption material. So far, the highest PCE of CH 3 NH 3 SnI 3 -based photovoltaics is about 5.2% far away from the Shockley-Queisser limit of 33.7%. Therefore, research on CH 3 NH 3 SnI 3 -based photovoltaics have been slowed due to the benefit issues, and thus it is essential to conduct more basic research to further evaluate the limits of perovskite-based photovoltaics for the arrival of earlier commercialization process.
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